The Paramyxoviridae are a family of enveloped, negativestrand RNA viruses, which includes several important pathogens, such as measles virus, mumps virus, Sendai virus, respiratory syncytial virus, the various parainfluenza viruses, and Newcastle disease virus (NDV) (26) . Although predominantly recognized as an avian pathogen, NDV has recently gained added importance for its ability to selectively kill tumor cells and its use as an oncolytic agent (12, 25, 45) , as well as its potential as a vaccine vector (11, 14, 16, 29, 37) .
The surfaces of paramyxovirions and infected cells possess two types of spikes, composed of the attachment and fusion proteins. For paramyxoviruses that recognize sialic acid-containing receptors, the hemagglutinin-neuraminidase (HN) protein mediates receptor binding and also possesses sialidase or neuraminidase (NA) activity, the ability to cleave sialic acid (39) . The fusion (F) protein mediates virus-cell and cell-cell fusion for all paramyxoviruses (2) , following the proteolytic generation of a "fusion peptide" (39) .
For most paramyxoviruses, including NDV, the F protein is incapable of promoting fusion by itself (reviewed in reference 26) . It requires a virus-specific contribution from the homologous attachment protein, which is mediated by a direct interaction between the two protein spikes. A complex between NDV HN and F can be detected at the surface of both infected and transfected cells (9, 28, (30) (31) (32) . By the analysis of chimeric HN proteins, it has been shown for several viruses in the family, including NDV, that the stalk region of HN determines its specificity for the homologous F protein (7, 10, 42, 44, 46) . Moreover, we have shown that the introduction of N-linked glycans and point mutations in the HN stalk severely impairs, or completely eliminates, fusion and that this correlates with a proportionate decrease in the extent of HN-F complex formation at the cell surface (31, 32) .
Like other paramyxovirus HN proteins (3, 36, 43) , NDV HN is a type II membrane glycoprotein that exists on the virion and infected-cell surface as a tetramer comprised of a pair of dimers (34) . The ectodomain consists of a long stalk supporting a terminal globular domain, in which reside the attachment, NA and antigenic sites (17-19, 23, 34, 43) .
The X-ray crystal structures of the ligand-bound and unliganded dimer of the globular domain of the NDV HN protein have been determined (6) . Each monomer has a ␤-sheet propeller motif with an NA active site at its center. Based on these structures, it was postulated that the NA site mediates both attachment and NA activity via a quite drastic conformational change from a structure having a minimal dimer interface to one with a much more extended interface (6) . Further, it was postulated that this drastic conformational change is integral to HNЈs role in the fusion process. Hydrophobic residues exposed in the minimal interface form of the protein were proposed to interact with complementary residues in the F protein, thus maintaining the latter in its prefusion conformation.
Upon receptor binding, the protein was proposed to switch to a markedly different structure, in the process sequestering the purported F-interactive hydrophobic residues in a much more extensive interface and releasing F to assume its fusion-active form (6) . This was supported by the claim that mutations of some of the hydrophobic residues abolished fusion with no effect on attachment (41) . Subsequently, a second sialic acid binding site was identified (48) ; it is positioned at the membrane-distal end of the dimer interface, is composed of residues from both monomers, and lacks NA activity. This second site was proposed to maintain the interaction of HN with receptors as fusion proceeds (1) .
However, this mechanism for fusion promotion is inconsistent with the evidence cited above indicating that it is the stalk region of NDV HN that determines its F specificity and may directly mediate the interaction with F. The model was also subsequently called into question by our demonstration that at least some of the interface mutations that decrease fusion do significantly affect attachment at 37°C, the temperature at which fusion is assayed (5) . Finally, the mechanism proposed for the role of the NDV HN protein in fusion is not supported by studies of two other paramyxoviruses. The structures of the HN from human parainfluenza virus 3 (hPIV3) both unliganded and with several ligands were determined at pH 7.5 (27) . Although the structure is similar to that of NDV HN, there is a single flexible site that mediates both receptor binding and NA by a structural change that is limited to the active site. Similarly, the structure of the parainfluenza virus 5 (PIV5) HN protein also identifies a single site with only a single flexible tyrosine residue (47) . There is no crystallographic evidence in hPIV3 or PIV5 HN for either a second site or a conformational change upon ligand binding that is anything like that predicted for NDV HN.
To address the issue of the requirement for the minimal interface form of HN for fusion, we took the approach of precluding its formation by locking the protein into the extensive interface form via the introduction of a pair of cysteine mutations that form two disulfide bonds across the dimer interface. As proof of principle, we first produced and characterized a form of hPIV3 HN with monomers in each dimer linked by a single intermonomeric disulfide bond and showed that it retains fusion-promoting activity. An NDV HN protein carrying T216C and D230C mutations also forms disulfidelinked homodimers, which are formed both intracellularly and in the absence of receptor binding and are efficiently expressed at the cell surface. Most importantly, the mutated protein promotes fusion more efficiently than the parental wild-type (wt) protein. With the caveat that the disulfide-linked form of the protein could be promoting fusion via a radically different mechanism than the parent protein, these findings question both the minimal interface structure for NDV HN and its role in fusion.
MATERIALS AND METHODS
Cells. BHK-21F cells (provided by Rebecca Dutch) were maintained in Dulbecco modified Eagle medium with high glucose, supplemented with 5% fetal calf serum, 20 mM L-glutamine, 4 U of penicillin/ml, and 4 g of streptomycin/ ml. All tissue culture reagents were obtained from Invitrogen (Carlsbad, CA).
Recombinant plasmids and site-directed mutagenesis. The preparation of the HN gene from the L-Kansas (L) strain of NDV in the pBluescript SK(ϩ) (Stratagene Cloning Systems, La Jolla, CA) was described previously (28) , as were the preparations of the HN and F genes from the Australia-Victoria (AV) strain of NDV (8, 33) and the HN and F genes of hPIV3 (10) .
Site-directed mutagenesis was performed as described previously (4) . Briefly, single-stranded DNA template was rescued by R408 helper phage (Stratagene) in CJ236 cells. Mutagenesis primers (Integrated DNA Technologies, Coralville, IA) were annealed to the template and extended with T4 DNA polymerase, and the ends were ligated with T4 DNA ligase. The mutagenesis reactions were transformed into DH5␣ cells that were then selected for ampicillin resistance. Identification of colonies carrying mutated genes was facilitated by screening for the presence of a unique restriction site introduced by each mutagenic primer. Multiple clones were characterized for each mutated DNA, and the presence of the desired mutation(s) was confirmed by DNA sequencing. Transient-expression system. Wt and mutated HN proteins were expressed using the vaccinia virus T7 RNA polymerase expression system (13), as described previously using 1 g of each plasmid (5) . All experiments were performed in six-well plates seeded a day earlier at 4 ϫ 10 5 cells per well.
Functional assays. Cell surface expression was quantitated by flow cytometric analysis using a mixture of monoclonal antibodies (MAbs) for NDV HN, including HN1 b , HN2 a , HN3 c , HN4 a , HN14 f , and HN23 a (17, 18, 23, 24) , and a MAb specific for hPIV3 HN (American Type Culture Collection, Manassas, VA). Hemadsorption (HAd) activity was determined by the abilities of the expressed HN proteins to adsorb guinea pig erythrocytes (Bio-Link, Inc., Liverpool, NY) and quantitated as described previously (31) . The NA activity of cell surface HN was determined colorimetrically using sialyllactose (Sigma Chemical Co., St. Louis, MO) as a substrate. For NDV HN, cell monolayers were incubated with substrate for 20 min in 0.1 M sodium acetate (pH 6) as described previously (31) .
To determine the NA activity of hPIV3 HN, the assay was modified such that cell monolayers were incubated for 1 h at pH 4.8. For fusion pictures, transfected monolayers were fixed with methanol and stained with Giemsa stain (Sigma). The abilities of the mutated HN proteins to complement the homologous F protein in the promotion of fusion were quantitated by using a content-mixing assay, which measures ␤-galactosidase activity in target cells after fusion induced by HN-F-expressing effector cells (31) .
Immunoprecipitation. The immunoprecipitation protocol has been described previously (32) . Briefly, at 20 to 22 h posttransfection, BHK cells were starved for 1 h at 37°C in medium lacking cysteine and methionine. The cells were labeled with 1 ml of medium containing 100 Ci of Expre 35 S[ 35 S] cysteine-methionine labeling mix (Perkin-Elmer, Boston, MA) and chased for 90 min with growth medium. The cells were lysed in lysis buffer (phosphate-buffered saline containing 1% Triton X-100, 0.5% deoxycholate, 30 mM N-ethylmaleimide, and 1 mM phenylmethylsulfonylfluoride), and the NDV HN proteins were immunoprecipitated either with a cocktail of MAbs or with individual MAbs. Immunoprecipitation of hPIV3 HN was performed according to the same protocol except using a polyclonal guinea pig antiserum prepared against the whole virus. The antigenantibody complexes were collected with Ultralink-Immobilized Protein A Plus (Pierce, Rockford, IL) and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in the presence (10% gel) or absence (7.5%) of ␤-mercaptoethanol (BME).
RESULTS
The introduction of a disulfide bond across the dimer interface of hPIV3 HN does not impair its fusion-promoting activity. X-ray crystallographic studies of the hPIV3 HN protein indicate that its role in fusion requires only a minor change in the structure of the dimer interface (27) . Based on this, it is reasonable to expect that the introduction of an intermonomeric disulfide bond across the dimer interface of the protein may not interfere with its ability to complement the homologous F protein in the promotion of fusion.
To test this hypothesis, we sought to identify residues directly apposed across the dimer interface at which cysteine mutations could be introduced, which would have the potential to form intermonomeric disulfide bonds. Figure 1A shows that the S554 residues on the two monomers in the hPIV3 HN dimer are very close across the dimer interface. In this position, it seemed possible that the introduction of an S554C mutation would result in the formation of an intermonomeric disulfide bond. Thus, S554C-mutated hPIV3 HN was prepared, and its oligomeric structure was evaluated by SDS-PAGE under both nonreducing and reducing conditions ( Fig.  1B ). In the absence of BME, the wt L HN protein migrates as a monomer of ϳ70 kDa. However, the S554C-mutated protein migrates at a much slower rate as two distinct bands under nonreducing conditions; there is minimal monomer present. The slower-migrating form has an estimated molecular mass of 147 kDa, which is only slightly greater than that expected for a dimer. The more diffuse band, estimated to be 128 kDa, is smaller than expected for a dimer. In the presence of BME (Fig. 1B) , the S554C-mutated protein comigrates exclusively with the wt monomer. This confirms that the monomers in each dimer are disulfide linked. As a control, an S554A-mutated protein migrates as a monomer in both gels.
The effect of the intermonomeric disulfide bond on the functions of the mutated protein relative to those of wt hPIV3 HN was determined. The disulfide-linked protein is efficiently expressed at the cell surface, as detected by flow cytometry (90.5% Ϯ 8.6% of wt) and exhibits greater-than-wt NA activity (127.9% Ϯ 19.9% of wt). The HAd activity of the disulfidelinked molecule was determined at both 4 and 37°C. As shown in Fig. 1C , the HAd activity of the wt protein is reduced significantly at 37°C relative to that at 4°C. This is to be expected, given that NA is functional at the higher, but not the lower, temperature. However, the disulfide-linked protein exhibits a different profile. Its HAd activity is more than onethird greater at 37°C than it is at the lower temperature, suggesting that the disulfide bond may stabilize receptor binding at the higher temperature. Finally, the fusion-promoting activity of the mutated hPIV3 HN protein was compared to that of the wt protein. Quantitation of the extent of fusion of the mutated protein in the content mixing assay reveals that it promotes fusion 94.6% Ϯ 13.1% as efficiently as the wt protein.
Thus, the presence of a disulfide bond across the dimer interface of hPIV3 HN does not impair the ability of the protein to complement the F protein in the promotion of fusion. This is consistent with the prediction from the crystallographic data that the role of hPIV3 HN in the promotion of membrane fusion involves no change in its dimer interface.
Residues 216 and 230 are juxtaposed across the dimer interface in the extensive interface form of NDV HN but far apart in the minimal interface form. Interpretation of the structural data for liganded and unliganded NDV HN has led to the prediction that the protein undergoes a drastic conformational change during fusion that converts it from a form having a minimal dimer interface to one with a much more extensive interface (6) . To test this hypothesis, we reasoned that the introduction of a disulfide bond in the appropriate position across the dimer interface of the extensive interface form would preclude formation of the minimal interface form of the protein. If this disulfide bond impaired fusion, it would argue in favor of the model. However, if an HN protein disulfide linked in this way were to retain significant fusion-promoting activity, this would argue that the role of NDV HN in the promotion of fusion does not require a drastic rearrangement of the dimer interface.
Thus, as we did for hPIV3 HN, we looked for residues that are in close apposition across the dimer interface in the extensive interface conformation of NDV-L HN. We could find no FIG. 1. hPIV3 HN S554 residues in the two monomers are in close contact across the dimer interface and mediate an intermonomeric disulfide bond, which does not impair fusion. (A) Top view of the hPIV3 HN homodimer with the S554 residue on each monomer shown in space-fill mode in blue on one monomer and yellow in the other. The figure was generated with Swiss PDB-Viewer using the structure of Lawrence et al. (27) . (B) BHK cells were transfected with vector, wt hPIV3 HN, or hPIV3 HN carrying either a S554C or S554A (as a control) mutation, starved for cysteine and methionine for 1 h, labeled for 3 h, and chased with complete medium for 90 min. The cells were lysed in the presence of N-ethylmaleimide, the hPIV3 HN protein was immunoprecipitated, and the samples were run either with or without BME. The numbers in the lanes marked "M" indicate the migration rates of markers in kilodaltons. (C) The HAd activities of wt and S554C-mutated HN expressed at the surface of BHK cells were assayed at 4 and 37°C. The error bars represent the standard deviations of a minimum of five determinations. single residue that meets this requirement. However, residues T216 and D230 from opposite monomers are in close contact across the dimer interface in the extensive interface form ( Fig.  2A ). The introduction of cysteine mutations at these positions has the potential to introduce two disulfide bonds at opposite ends of the dimer interface. As shown in Fig. 2B , residues 216 and 230 are approximately 40 Å apart in the minimal interface form of the protein, making it impossible for cysteines introduced at these two positions to take part in a disulfide bond while maintaining this structure.
T216C-D230C-mutated NDV-L HN is disulfide linked. NDV-L HN carrying T216C and D230C mutations was prepared by site-directed mutagenesis, and its oligomeric structure was analyzed by SDS-PAGE under nonreducing ( Fig. 3A ) and reducing ( Fig. 3B ) conditions. wt L HN migrates as a monomer (74 kDa) under both reducing and nonreducing conditions. This is expected, as the protein does not possess intermonomeric disulfide bonds. As a control, the HN from the AV strain of NDV migrates as a protein of 135 kDa in the absence of BME, similar to the rate expected for a dimer. This is to be expected, since its monomers are linked by an intermonomeric disulfide bond mediated by a cysteine at position 123 in the stalk region (40) . The mutated form of L HN migrates at a much slower rate under nonreducing conditions and significantly slower than the AV HN dimer, predominantly at the rate expected for a protein of 161 kDa. The 161-kDa protein is slightly larger than expected for a dimer (148 kDa) but certainly not large enough to be either a trimer or tetramer. A small amount of the protein migrates as a monomer and there are also two minor bands migrating at 106 and 128 kDa. All of the mutated L HN protein comigrates with the wt protein under reducing conditions (Fig. 3B ). These results confirm that the monomers in the T216C-D230C-mutated L HN are linked by intermonomeric disulfide bond(s). In addition, the presence of N-ethylmaleimide in the lysis buffer eliminates the possibility that these bonds are formed only upon cell lysis.
The disulfide-linked form of NDV-L HN is efficiently expressed at the cell surface and promotes fusion more efficiently than wt HN. The effect of the intermonomeric disulfide bonds on the structure and function of the NDV-L HN protein was determined. The T216C-D230C-mutated protein is efficiently expressed, as detected by flow cytometry using a mixture of HN-specific MAbs (118.0% Ϯ 8.6% of the wt). However, flow cytometry does not distinguish between covalently and noncovalently linked oligomers at the cell surface. To confirm that the engineered, covalently linked dimers are, indeed, fully surface expressed, we immunoprecipitated HN from the surface of cells expressing the mutated protein. Figure 4 shows that the disulfide-linked form of the mutated protein can be immunoprecipitated from the surface of transfected cells, confirming that the disulfide-linked form is efficiently transported to the cell surface. Also, noteworthy is the fact that the 106-and 128-kDa forms are not detectable at the cell surface. This confirms that the 161-kDa form of the disulfide-linked mutated protein is by far the predominant one at the cell surface.
To determine the effect of the intermonomeric disulfide bonds on the fusion-helper function of the protein, we compared the abilities of wt and disulfide-linked HN to complement the NDV F protein in the promotion of fusion. As shown in Fig. 5 , the presence of the intermonomeric disulfide bonds does not impair fusion (compare Fig. 5C to B) . Indeed, quantitation of the extent of fusion in the content mixing assay reveals a ca. 50% increase in fusion by the mutated protein relative to the wt (Fig. 5D ). Thus, prevention of formation of the minimal interface form of HN clearly does not impair fusion but rather appears to enhance it. The intermonomeric disulfide bonds alter the receptorbinding properties of NDV HN. To try to understand the basis for the increased fusion promotion activity of the disulfidelinked protein, its receptor-binding properties were compared to those of the wt protein. This was done by comparing the HAd activities of the two proteins at both 4 and 37°C. The wt HN protein hemadsorbs significantly more efficiently in the cold (optical density at 540 nm [OD 540 ] of 0.133) than it does at 37°C (OD 540 of 0.088) (Fig. 6A ). The NA activity of HN is not functional in the cold, while it acts to dissociate the HNreceptor complex at 37°C. However, the disulfide-linked protein has the opposite phenotype, hemadsorbing more than twofold better at 37°C (OD 540 of 0.172) than it does in the cold (OD 540 of 0.075) (Fig. 5A ). This is similar to the profile exhibited by disulfide-linked hPIV3 HN (Fig. 1C) . Indeed, the disulfide-linked NDV-L HN hemadsorbs better at the elevated temperature than does the wt protein in the cold. This could be related to the sharp decrease in NA activity exhibited by the mutated protein (25.2% of wt NDV-L HN) but could also be due, in part, to a stabilization of the second sialic acid binding site at the membrane-distal end of the dimer interface.
The data shown in Fig. 6B illustrate an additional point. This figure compares the HAd activity of wt NDV-AV HN at 4 and 37°C. As discussed previously, monomers of this HN protein are linked by intermonomeric disulfide bonds between cysteines in the stalk region. This protein exhibits a profile similar to that of wt L HN, i.e., slightly decreased HAd at 37°C relative to that in the cold. Thus, HN carrying a naturally occurring intermonomeric disulfide bond in its stalk does not exhibit the same HAd phenotype as a protein with intermonomeric disulfide bonds in the globular domain. The altered HAd profile is a function of the presence of two intermonomeric disulfide bonds and/or their placement in the globular head.
Binding to receptors is not required for formation of the intermonomeric disulfide bond in T216C-D230C-mutated NDV HN. It was originally proposed that the conversion of NDV HN from the minimal interface form to the extensive interface conformation is triggered at the cell surface by its binding to receptors (6) . Assuming that the intermonomeric disulfide bonds between residues 216 and 230 cannot exist in the minimal interface form of the protein, this predicts that the disulfide-linked protein will not be present prior to HN reaching the cell surface and binding to receptors.
We took two approaches to test this hypothesis. First, we looked for the presence of the disulfide-linked dimer inside the cell. In the experiments shown in Fig. 3 , designed to detect cell surface HN, we expressed the mutated protein, radiolabeled for 3 h and incubated in chase medium for 90 min. Here, in order to determine whether the disulfide-linked, T216C-D230C-mutated HN is present intracellularly, we labeled for only 30 min and did not use a chase. Since the half time for NDV HN to reach the surface has been determined to be 78 min (35) , we should be dealing exclusively with intracellular HN. As shown in Fig. 7A , the disulfide-linked dimer of the mutated protein can be detected in significant amounts under these conditions, indicating that the intermonomeric disulfide bond forms before the protein has reached the surface. As a control, the same can be said for the HN from the AV strain, which is linked via a disulfide bond in the stalk (40) . Again, the presence of N-ethylmaleimide in the lysis buffer ensures that the dimer is formed intracellularly. These results call into question the idea that the extensive interface conformation of NDV HN is formed at the cell surface triggered by the binding of HN to cellular receptors. Note that the amounts of the 106-and 128-kDa forms of the mutated L HN protein are minimal compared to the 161-kDa form.
As another approach to the question of the relationship between formation of the extensive interface conformation and receptor binding, we have taken advantage of a mutation previously identified in NDV HN that completely eliminates the ability of the protein to mediate receptor binding. A D198R mutation in the NA active site of NDV-AV HN results in a totally a functional protein, i.e., one that lacks NA, attachment, and fusion-promoting activities, despite efficient expression at the cell surface (9) . If HN does not assume the extensive interface form until receptor binding, HN carrying a D198R mutation should remain in the minimal interface form and D198R-mutated HN carrying T216C and D230C mutations should not be capable of forming the intermonomeric disulfide bond.
To test this, we prepared D198R-mutated NDV-L HN both with or without the two cysteine mutations and confirmed that both proteins are expressed and lack appreciable HAd activity. Indeed, no HAd activity at all can be detected for D198Rmutated wt L HN at 4°C, and it exhibits only 5.5% Ϯ 0.3% of the activity of the wt protein at 37°C. No HAd activity can be detected for the D198R-T216C-D230C-mutated protein at either temperature. Similarly, the NA activities of the D198Rmutated proteins are reduced to very minimal levels. D198Rmutated L HN and D198R-T216C-D230C-mutated L HN exhibit only 2.4% Ϯ 2.0% and 1.5% Ϯ 0.6% of the NA activity of the wt protein, respectively.
The D198R-mutated proteins were expressed in BHK cells, labeled, and chased to the surface. The cells were lysed in the presence of N-ethylmaleimide, and HN was immunoprecipitated and analyzed by SDS-PAGE (Fig. 7B) . The presence of the D198R mutation and the resulting loss, or near loss, of receptor-binding activity have no discernible effect on the amount of the protein that migrates as a disulfide-linked dimer. Interestingly, the amounts of the minor bands that migrate ahead of the dimer are decreased in the D198R-mutated, disulfide-linked protein relative to the D198R-mutated wt protein (compare lanes 4 and 5 in Fig. 7B ). These results are consistent with the conclusion that receptor binding is not required for the formation of the intermolecular disulfide bond, suggesting that it is also not required for the formation of the extensive interface form of the protein. The relatively more diffuse migration patterns for the D198R-mutated wt and disulfide-linked proteins are consistent with our previous results (9) and are due to their lack of detectable NA activity, which results in molecules with various levels of sialylation. The presence of the intermonomeric disulfide bonds increases the avidity with which MAbs to two antigenic sites recognize NDV-L HN. We initially identified four antigenic sites (sites 1 to 4) in the globular domain of the AV strain of NDV HN (18) . Subsequently, three additional sites, which overlap two of the original ones in competition antibody binding and additive neutralization assays, were identified and named site 12 (overlaps site 1 and 2), site 14 (overlaps sites 1 and 4), and site 23 (overlaps sites 2 and 3) (17, 20, 23).
Although we have demonstrated that a cocktail containing a mixture of these MAbs efficiently recognizes T216C-D230Cmutated NDV-L HN protein, we wanted to explore the possibility that the presence of the intermonomeric disulfide bonds might alter the antigenic structure of HN in a site-specific way. Thus, lysates from cells expressing the HN from the AV strain (against which the MAbs were made), the L strain, and the disulfide-linked mutated form of L HN were individually immunoprecipitated with MAbs to six of the seven sites (Fig. 8A) . (MAbs to site 12 were not tested as they immunoprecipitate HN only weakly.) The site 14 MAb is a positive control; it recognizes a linear epitope (24) that is highly conserved in all NDV strains tested (17) . (All of the other MAbs recognize conformational epitopes.) As expected, this MAb efficiently immunoprecipitates all three proteins (Fig. 8A) . The site 23 MAb serves as a negative control, as it is highly specific for the AV strain due to a mutation at position 193 (23) . As expected, this MAb efficiently immunoprecipitates AV HN, but neither wt nor mutated L HN (Fig. 8A) . A similar result was obtained with the site 2 MAb, which we have previously shown recognizes L HN very weakly and apparently not with high enough avidity to immunoprecipitate it (22) .
However, interesting results were obtained with the MAbs to the three remaining antigenic sites. Whereas the site 3 and 4 MAbs fail to immunoprecipitate the parental L HN protein, they do immunoprecipitate the disulfide-linked mutated form of the protein quite efficiently. This is especially true of the site 3 MAb (Fig. 8A) . Thus, the introduction of the disulfide bonds in L HN renders the protein capable of being immunoprecipitated by two MAbs (prepared against another strain of the virus) that do not bring down the parental wt protein. In addition, while the site 1 MAb immunoprecipitates L HN weakly, it loses this ability with the mutated protein (Fig. 8A) , indicating that this site is also altered by the introduction of the disulfide bonds, although apparently to a lesser extent.
As a negative control, we generated mutated forms of wt and disulfide-linked L HN carrying a D287N mutation and analyzed them by immunoprecipitation and SDS-PAGE (Fig. 8B) . The D287N mutation was identified in a variant of the AV strain that escapes neutralization by the site 3 MAb by the addition of an N-glycan at this position (21) . As a control, AV HN, L HN and all its mutated forms are efficiently immunoprecipitated by the site 14 MAb. The slower migration rate of the wt L HN and T216C-D230C-mutated L HN proteins, carrying the additional D287N mutation, relative to the respective parental wt proteins, confirms the presence of the supernumerary N-glycan. As expected, neither of the D287N-mutated L HN proteins was efficiently immunoprecipitated by the site 3 MAb (Fig. 8B ). This confirms that the immunoprecipitation of the disulfide-linked mutated protein by the MAb is specific. Thus, linking the monomers in the L HN dimer by intermolecular disulfide bonds alters the antigenic structure of the protein in a site-specific way.
Having shown that the T216C and D230C mutations render the L HN protein capable of being immunoprecipitated by MAbs to sites 3 and 4, we wanted to confirm that it is actually the dimer form of the protein that is immunoprecipitated by these antibodies. To do so, we compared immunoprecipitates obtained with MAbs to sites 3, 4, and 14 from cells expressing the HN proteins from strain AV, L, and the double-cysteinemutated form of the latter on SDS-PAGE under nonreducing conditions (Fig. 8C) . The immunoprecipitates of the mutated protein obtained with MAbs to both sites 3 and 4 exhibit a band that comigrates with the dimer form present in the site 14 immunoprecipitate. This confirms that it is, indeed, the disulfide-linked dimer that is immunoprecipitated by the MAbs to sites 3 and 4.
Attempts to disulfide link NDV-L HN dimers. The NDV HN protein is a tetramer, composed of a pair of dimers. Although our results with the mutated protein in which the two monomers in each dimer are linked by intermonomeric disulfide bonds argue against a drastic rearrangement of the dimer interface during fusion, they do not address the possibility that fusion involves a dissociation of the dimers in each tetramer. We have tried to address this possibility by introducing disulfide bonds between dimers across the tetramer interface. As we did for the dimer interface, we identified pairs of residues that are closely apposed across the tetramer interface, mutated them to cysteines, and looked for the formation of disulfidelinked tetramers in SDS-PAGE. We made a total of three doubly mutated NDV-L HN proteins: G134C-T232C, T216C-K536C, and T255C-R480C. All three combinations have the potential to form two disulfide bonds between each pair of dimers in the tetramer. While the mutated proteins are expressed, hemadsorb, and promote fusion comparable to the wt L HN protein (data not shown), disulfide-linked tetramer for-mation was inefficient. Thus, we cannot say yet whether the role of HN in fusion involves an alteration of the tetramer interface.
DISCUSSION
X-ray crystallographic studies of unliganded and ligandbound forms of the HN proteins of hPIV3 (27) and PIV5 (47) indicate that the dimer interfaces of both proteins undergo only minor conformational changes after interaction with receptors. This is in stark contrast to the results from similar studies of NDV HN, which led to the conclusion that, during fusion, it undergoes a drastic conformational rearrangement triggered by receptor binding that results in its conversion from a form with minimal dimer interface contacts to one with a much more extensive interface (6) . Thus, these studies led to the conclusion that the mechanism by which NDV HN contributes fusion-helper function to its homologous F protein may be quite different from those of the other two viruses. However, the model for the role of the minimal interface conformation of HN in fusion is confounded by the fact that, in this structure, residue G124 from one monomer of the dimer is 62 Å away from the same residue on the other monomer. This is difficult to reconcile with the fact that the two G124 residues, which are at the top of the stalk, would be expected to be closely aligned in the monomers in each dimer, especially in strains in which cysteines at position 123 mediate an intermonomeric disulfide bond between monomers in the same dimer (40) . This led even the original authors to question the physiological significance of the minimal interface form (6) .
We have prevented the formation of the minimal interface form of the protein by the introduction of intermonomeric disulfide bond(s) across the dimer interface in the globular domain. The presence of the disulfide bond(s) does not impair fusion, as would be expected if the minimal interface form of the protein were required for fusion. These results argue very strongly that neither the minimal interface form of NDV HN nor a gross conformational change in the protein is required for NDV-L HN to complement the F protein in the promotion of fusion. However, we cannot rule out the possibility that the HN protein may undergo a change within the constraints imposed by the intermonomeric disulfide bonds, i.e., similar to those identified for hPIV3 HN. Indeed, such a change might be instrumental to the formation of the second site at the dimer interface. Furthermore, we also cannot rule out the possibility that the disulfide-linked NDV-L HN protein may promote fusion by a totally different mechanism than does the wt protein. However, this seems unlikely since the two ostensibly different mechanisms do not require any changes in the complementary fusion protein.
The disulfide-linked mutated form of L HN exhibits a slower migration rate (161 kDa) relative to the AV HN dimer (135 kDa). This may be a reflection of its having an additional intermonomeric disulfide bond relative to AV HN and/or the fact that the two intermonomeric disulfide bonds in the mutated L HN protein are located in the globular head, while the single one in AV HN is located in the stalk. There are also two minor bands present in the immunoprecipitate with estimated molecular masses of 106 and 128 kDa. The latter migrates at a rate similar to that of the AV HN dimer. We postulate that this . 8C ). Since, of the three MAbs, only the site 14 antibody recognizes a linear epitope, this could mean that the minor forms represent misfolded forms of the protein.
The model further contends that the minimal interface form of NDV HN serves to hold F in its prefusion conformation through contacts mediated by residues exposed in the minimal interface form and later sequestered in the extensive interface conformation with this conversion triggered by receptor binding (41) . We tested this by examining the relationship between receptor binding and formation of the extensive interface form of HN. We showed that the disulfide-linked dimer forms both intracellularly and in the absence of receptor-binding activity. These results confirm that, in contrast to the predictions of the model, the extensive interface form of HN is formed before the protein binds receptors.
Our results are also inconsistent with a peptide-based study which claimed that the interaction with F is mediated by a domain defined by residues 124 to 152 at the stalk-globular head interface in NDV HN and it is the shift from the minimal interface conformation to the extensive interface form that leads to release of HN from a preformed complex with F and, in turn, fusion (15) . This is not surprising in light of our finding that the introduction of a N-glycan within this domain does not significantly reduce the level of fusion (32) , and the overwhelming body of evidence indicates that the F-interactive site in NDV HN resides in its stalk region (10, 31, 32, 46) . Taking all this into consideration, it appears that, if HN does control fusion by maintaining F in its prefusion state, this interaction is most likely mediated by residues in the stalk.
The presence of the disulfide bonds across the dimer interface of L HN not only enhances its fusion-promoting activity but also leads to a remarkable shift in its receptor-binding profile. While the mutations reduce the ability of the protein to bind receptors in the cold, they significantly enhance it at 37°C. Indeed, enhanced fusion may be causally related to increases in receptor binding at 37°C. Our interpretation of this is that the disulfide bonds stabilize the second sialic acid binding site at the dimer interface. We postulate that this is the obverse of our demonstration that the elimination of hydrogen bonds across the dimer interface decreases binding at 37°C, in turn sharply decreasing fusion (5) . In retrospect, this destabilization of the dimer interface may disrupt the second sialic acid binding site, although it cannot be ruled out that an intact dimer interface is required for NDV HNЈs role in fusion.
Disulfide-linked hPIV3 HN exhibits a receptor-binding profile similar to that of the disulfide-linked NDV-L HN mutated protein. Its HAd activity is greater at 37°C than it is at 4°C. Although not identified in the crystal structure of the protein (27) , it has been proposed that hPIV3 HN, like NDV HN, also possesses a second sialic acid binding at its dimer interface (38) . The slight increase in NA activity in the mutated hPIV3 protein supports the idea that its increased HAd at the higher temperature is not related to changes in NA. Thus, the increased HAd at 37°C relative to 4°C exhibited by the disulfidelinked hPIV3 HN protein could be due to stabilization of a second sialic acid binding site, if one exists in this protein.
Conclusive proof of the existence of a second site on hPIV3 HN awaits the detection of ligand bound to it.
Although the introduction of the intermonomeric disulfide bonds in NDV-L HN does not grossly alter the conformation of the protein, the immunoprecipitation assays with individual MAbs indicate that it does alter the structure of some antigenic sites. Most important is the demonstration that linking the globular heads by intermonomeric disulfide bonds makes it possible for MAbs to sites 3 and 4 to immunoprecipitate the dimer form of the L HN mutated protein, whereas the parental protein is not immunoprecipitated in appreciable amounts by these MAbs. The failure of the site 3 MAb to immunoprecipitate wt L HN is consistent with our previous observation that this MAb binds NDV-L HN at very low avidity, as evidenced by its failure to neutralize the NDV-L virus unless rabbit antimouse immunoglobulin is added (17, 22) . Thus, the intermonomeric disulfide bonds apparently alter the globular domain such that the avidity by which it is recognized by site 3 and 4 MAbs is increased sufficiently to make immunoprecipitation of the protein possible.
Whereas MAbs to sites 1, 2, 12, 14, and 23 inhibit both attachment and fusion (20) , MAbs to sites 3 and 4 exhibit unique functional inhibition profiles. Although they do not inhibit viral attachment (20) , both MAbs efficiently block fusion-from-without (FFWO), a model for virus entry, while MAbs to site 3, but not those to site 4, block fusion-from-within (FFWI) (21) . Thus, MAbs to these sites are capable of blocking virus-cell and/or cell-cell fusion at a step subsequent to receptor binding. The acquisition of the ability to immunoprecipitate the disulfide-linked form of L HN suggests that site 3 and 4 MAbs recognize this form of the protein with increased avidity.
Amino acid residues in the globular domain of HN that contribute to each of the seven sites have been identified by the isolation and sequencing of antigenic variants (21, 23, 24) . The antigenic structure of the NDV HN globular domain generated in this way is shown in Fig. 9 . The inhibition of attachment by MAbs to sites 1, 2, 12, 14, and 23 is consistent with their localization either overlapping the NA active site (site 23), in close proximity to the second sialic acid binding site (sites 2 and 12) or on the top surface of the globular domain (sites 1 and 14). However, both site 3 and site 4 are located on the lateral surface of the globular head, which is quite a distance from the receptor binding sites; this likely accounts for their inability to inhibit attachment.
Thus, the introduction of disulfide bonds across the dimer interface increases the avidity with which two MAbs, which bind to the lateral surface of the globular domain and specifically block fusion, interact with the HN from a heterotypic strain of NDV. These results raise the possibility that disulfidelinked L HN represents a form of the protein more relevant to fusion and argues for a role for the lateral surface of the globular domain of HN in fusion promotion, as proposed by Yuan et al. (47) , although not necessarily in mediating the interaction with F. Alternatively, one could envision how the binding of an antibody to the lateral surface of the globular domain could sterically block the HN-F interaction, even if it is mediated by the stalk of HN. Thus, as stated before, although our data are consistent with the minimal interface form being an artifact, they do not rule out the possibility that NDV-L HN may undergo a much less drastic conformational change during fusion from a form that is not recognized by MAbs to sites 3 and 4 to one that is recognized and is similar to the disulfidelinked protein we have created by mutagenesis.
